Jandacek RJ, Rider T, Yang Q, Woollett LA, Tso P. Lymphatic and portal vein absorption of organochlorine compounds in rats. Am J Physiol Gastrointest Liver Physiol 296: G226 -G234, 2009. First published December 4, 2008 doi:10.1152/ajpgi.90517.2008.-The route of absorption of ingested compounds is a determinant of their distribution and metabolism. Portal vein absorption results in direct transport to the liver, where metabolism may take place before extrahepatic delivery. Lymphatic absorption can result in delivery of parent compound to nonhepatic tissues. Understanding the fate of an ingested compound requires determination of the importance of each of these routes. Portal vein absorption can be estimated from the difference in concentrations of an ingested compound between the portal vein and peripheral vessel blood. To make these estimations, one must make assumptions on the basis of estimates of flow rate and dilution. We report here methodology that allows a direct measurement of portal vein absorption that is independent of these assumptions. Mesenteric lymph was diverted from rats by cannulation. Portal blood was sampled after duodenal infusion of a bolus of compound of interest along with a portal absorption marker, 3-O-methylglucose. Since lymph was diverted, the appearance in portal blood was solely the result of portal absorption. Absorption was quantified by the areas under the curve for the compound and marker. Portal absorption was a function of the octanol/water partition coefficients for four organochlorine compounds: hexachlorobenzene, pentachlorophenol, DDT, and its metabolite 1,1,1-trichloro-2,2-bischlorophenylethylene. mesenteric lymph duct; DDT; 1,1,1-trichloro-2,2-bischlorophenylethylene; hexachlorobenzene; pentachlorophenol; 3-O-methylglucose WITHIN THE LAST CENTURY, compounds with multiple carbonhalogen bonds have been introduced into the biosphere both as functional chemicals and as industrial byproducts. Many of these compounds are classified as toxins and carcinogens, and the high stability of their carbon-halogen bonds has resulted in their persistent presence in the environment. They are present in many species of flora and fauna, and measurements indicate that they are present in all humans (1, 9). They are found in breast milk (10), and they are known to have an effect in neurological development (15). Although the "no-effect" levels of these compounds in humans are not known, it is generally assumed that many potentially present a risk to health.
Since the route of delivery can be extremely important to the fate of a compound that is absorbed from the diet, we have developed methodology that allows the simultaneous measurement of entry by the lymphatic system and portal vein in the rat. The method involves the periodic sampling of portal blood from an animal with a mesenteric lymph duct fistula. To provide a quantitative estimate of the appearance in portal blood, a marker (3-O-methyl glucose) that is absorbed via the portal vein is given along with the OC of interest (23) . To characterize the absorbed OC further, we have determined the distribution of the OC among red cells and lipoproteins in the portal blood plasma.
OCs that are available for absorption enter the intestine with diets as well as part of the enterohepatic circulation in bile, sloughed enterocytes, and possibly direct exudates from the enterocytes. These participants in enterohepatic circulation can include metabolites and parent compounds. Unlike aromatic hydrocarbons that enter the enterocyte (13) , there is no evidence for metabolism of OCs in the enterocyte.
We have applied the method of simultaneous portal and lymphatic measurement to two OCs, HCB, and DDT. Since the OCs can be metabolized to various metabolites, which are also absorbed via the enterohepatic circulation, portal and lymphatic measurements of the principal metabolites of HCB and DDT, 1,1,1-trichloro-2,2-bischlorophenylethylene (DDE) and pentachlorophenol (PCP), respectively, were also measured. These compounds span a range of lipophilicity as defined by their octanol/water partition coefficients given in Table 1 .
We report here the results of the application of this method to quantitatively estimate the contribution of the portal vein to the absorption of these compounds. The method is clearly applicable to other OCs and also to other materials of interest including pharmaceuticals. [9, H(N)] was purchased from Perkin Elmer (Waltham, MA). Specific activity of the HCB, DDT, and DDE was 10-30 mC/mmol and of PCP, 1-15 mCi/mmol. The specific activity of the triolein and OMG was 60 -90 Ci/mmol. Doses of 5-10 Ci of HCB, DDT, DDE, PCP, and triolein were dissolved in olive oil and given by duodenal infusion of a bolus of 100 l of the oil. A similar amount of radioactivity as [ 3 H]OMG was dissolved in 1.0 ml of water and delivered by duodenal infusion as a bolus dose immediately after the infusion of the oil. Aliquots of the dosing solution were taken during the procedure to assay the delivered dose. The gavage was immediately followed by a bolus of 0.5 ml of saline solution. In a preliminary study of tissue deposition in lymphcannulated rats, the material was delivered by infusion pump over the 6 h of the lymph collection period.
MATERIALS AND METHODS

Materials
HCB-UL-
Animals
Young, adult, male, Sprague-Dawley rats weighing ϳ350 g were used in all studies. They were purchased from Harlan (Indianapolis, IN) and were maintained in our vivarium on rat chow in a room with light cycling (12-h light:12-h dark) for ϳ2 wk before experimentation. After 2 wk, the portal vein was cannulated followed by cannulation of the mesenteric lymph duct. The two surgeries were separated by three days. The description of the surgeries is given below. Lymph was collected for 2 h in the study of HCB and for 6 h in the studies of the other compounds. At the conclusion of the lymph collection, the animals were euthanized with pentobarbital sodium overdose, and tissue samples were taken. All procedures were approved by the Institutional Animal Care and Use Committee of the University of Cincinnati.
Portal Vein Cannulation
The animals were fasted overnight. The animals were anesthetized with isoflurane [2-chloro-2-(difluoromethoxy)-1,1,1-trifluoro-ethane] and surgically prepared (clipped and scrubbed). A ventral midline incision was made to expose the abdominal viscera to allow the placement of a tube in the portal vein via the ileocolic vein. This placement did not occlude the flow of blood. The cannula used was Micro-Renathane type MRE-033 (OD 0.033 inches, ID 0.014 inches) manufactured by Braintree Scientific (Braintree, MA). The incision was closed by first closing the muscle layer followed by the skin layer. The portal vein cannula was heparinized, closed with a knot, and placed inside the peritoneal cavity. It was exteriorized at the time of lymphatic surgery to allow blood withdrawal. At that time the animals were in restraining cages that prevented their access to this cannula.
Analgesic (Buprenex) was given to alleviate pain associated with surgery. The animals were observed for 3 days and allowed access to chow. Only animals with body weight that returned to the approximate level of the presurgical weight, with no apparent blood loss attributable to portal vein cannulation were used for lymphatic cannulation. Animals not meeting this recovery criterion were euthanized. Portal blood flow was not interrupted by periodic sampling of samples of 100 l of blood taken by a syringe inserted into the cannula. A total of six blood samples was taken from each animal.
Lymphatic Cannulation
The animals were fasted overnight before lymph duct cannulation surgery to facilitate the viewing of the lymphatic duct. Preoperative analgesic (Buprenex) was administered, and the animals were anesthetized and surgically prepared (clipped and scrubbed). The major lymphatic duct was cannulated according to the procedure as described by Bollman, Cain, and Grindlay (22) with slight modification. Instead of suture, a drop of tissue glue was used to secure the lymphatic cannula. A soft silicone tube was introduced about 1 cm down the duodenum through the fundus of the stomach. The duodenal infusion tube was secured in the duodenum through a transmural suture, and the fundal incision was closed. Following surgery, the animals were infused via the duodenal tube with a saline solution containing 5% glucose. The animals were allowed to recover overnight in restraining cages (Bollman cages) that were kept warm in a chamber (ϳ30°C). Although the animals were restrained, they had considerable freedom to move backwards, forwards, and sideways. Analgesics were provided to alleviate pain. Isotope-labeled test substances/markers were administered via the duodenal tube. Lymph was collected for 4 h in the study of HCB and DDT and for 6 h in the studies of PCP and DDE. The animals were then euthanized. In the preliminary study of indirect measurement of portal absorption, only lymphatic cannulation was performed.
Analysis of Tissues
Tissues and red blood cells (RBCs) were burned at 900°C in an oxidizer (Harvey Biological Oxidizer OX700; R.J. Harvey, Hillsdale, NJ), and [
14 C]CO2 and [ 3 H]H2O were collected directly in scintillation fluid. Plasma and lymph samples were mixed directly in scintillation fluid for assay. The radioactivity was assayed by scintillation counting.
Lipoprotein Separation
Portal vein pooled plasma samples were separated by ultracentrifugation with serial sequences of KBr solutions of densities 1.021 and 1.063 g/ml (40 h; 49,000 revolution/min, 50.3 Ti rotor) A third spin for 72 h at density 1.210 g/ml separated HDL from the albumin-rich fraction.
Statistical Analyses
Statistical analyses (analysis of variance, Tukey) and areas under the curve (AUCs) were calculated with Sigmaplot. Significance was accepted with P Ͻ 0.05. All errors are presented as standard errors.
RESULTS
Preliminary Study of HCB in Tissues and RBCs from Rats with Lymphatic Cannulation
Duodenal and intragastric infusion comparison. Preliminary comparison of duodenal and intragastric infusion of HCB on the appearance of HCB in the lymph of rats showed the delivery modes to be equivalent. In each case, the percent of the HCB dose in lymph after 24 h was markedly less than that of triolein, which was given simultaneously. Intragastric infusion resulted in HCB absorption of 26.3% of that of triolein (54% of its dose), and intraduodenal infusion resulted in HCB absorption equal to 26.8% of the triolein (74% of its dose). In both cases, the dose of HCB and triolein remaining in the stomach and intestinal contents was ϳ1% of the infused dose when the animals were euthanized at the conclusion of the lymph collection. Subsequent studies utilized intraduodenal infusion.
HCB in RBCs. Six rats were given a bolus of 0.5 ml of olive oil containing [ 14 C]HCB. Three animals were euthanized after 24 h and 3 animals, after 48 h. Samples of blood were taken from the heart. The distribution of 14 C between plasma and RBCs was measured, and 85 Ϯ 3.1% was found in the red cells in the 24-h sample and 87 Ϯ 2.6%, after 48 h. This affinity of HCB for RBC membranes is consistent with the report of Gomez-Catalan and coworkers (4). Preliminary study of the appearance of HCB in tissues of lymph-diverted rats. Two additional rats were fitted with a mesenteric lymph cannula (to provide chylomicrons to recipient animals) as reported previously (8) and gastrically intubated with 1 ml of olive oil containing 10 Ci of [ 14 C]HCB and 50 Ci of [ 3 H]triolein. The animals were euthanized at the completion of the lymphatic collection, and tissues were analyzed for 14 C and 3 H. We found markedly higher concentrations of HCB relative to that of triolein in the tissues of both animals. The concentration of HCB was 4 -11 times higher in the liver and 60 -200 times higher in the fat pad. The appearance of HCB was also markedly greater than that of triolein in the heart, spleen, muscle, and abdominal fat (data not shown).
Simultaneous Measurement of OCs in Lymph and Portal Blood
HCB. Five rats were fitted with cannulas in the portal vein, and after their recovery each underwent cannulation of the mesenteric lymph duct to divert lymph from the animals. Duodenal infusion cannulas were also surgically inserted. They received an intraduodenal gavage with 100 l of olive oil, containing Fig. 3 .
DDT in the 4-h lymph collection accounted for 29.4 Ϯ 6.8% of the dose, which was not different (P ϭ 0.08) from that of the lymphatic triolein, 50.9 Ϯ 8.1. However, the lymphatic appearance of DDT in the subsequent study with the OMG marker described below was 31.0 Ϯ 8.0, and the pooled values from the two studies gave a mean of 30.0 Ϯ 4.7, which was less than that of the triolein (P Ͻ 0.05). Although this result is consistent with incomplete lymphatic absorption for DDT, it should be noted that the value is for 4 h of collection, and absorption of lipids is generally not complete for at least 24 h. The radioactivity remaining in the lumen of the intestine at the end of the study was also not different between the two groups, with 16.0 Ϯ 5.6 and 8.4 Ϯ 3.15% of the dose found for the DDT and triolein groups, respectively. The concentration of DDT in RBCs was approximately equal to 20% of that in plasma, which was greater than that of triolein.
The appearances of DDT and triolein in the epididymal fat pad, liver, and brain are presented in Table 2 . In each tissue the concentration of 14 Table 3 . The distribution of 14 C among the lipoprotein fractions is presented in Fig. 5 . The majority of the radioactivity was carried in the fraction of proteins with density greater than that of HDL.
PCP. Seven animals were fitted with lymphatic and portal vein cannulation as described above and were gavaged with [ 14 C]PCP and then with [
3 H]OMG. The appearance in the portal plasma is presented in Fig. 6 . In 6 h of lymph collection, the PCP was 2.0 Ϯ 0.4% of dose, less than that of the OMG, 5.5 Ϯ 0.1%. On the basis of the AUCs for 30 min, the amount of PCP was 90.8 Ϯ 15.2% of that of the OMG.
Low levels of PCP (0.235 Ϯ 0.027% dose/g) were found in the fat pad, but these were significantly greater than those of the OMG (0.034 Ϯ 0.008%). Similarly the low level observed in the brain (0.090 Ϯ 0.013% dose/g) were greater than that of OMG (0.029 Ϯ 0.002%). PCP concentration in the liver (0.86 Ϯ 0.07% of dose/g) was significantly greater than that of OMG (0.07 Ϯ 0.006%).
Carriers of PCP were estimated by ultracentrifugation. The results are presented in Fig. 7 . Most was carried in the albuminrich fraction.
DDE. Six rats with cannulated mesenteric lymph ducts and portal veins were given intraduodenally a bolus dose of The appearance of 14 C and 3 H in portal blood plasma is shown in Fig. 8 . During the initial 30 min after dosing, the AUC for DDE was 1.57 Ϯ 0.17% of that of the OMG.
DDE in the 6-h collection of lymph accounted for 29.5 Ϯ 2.0% of the dose, significantly greater than that of OMG (2.8 Ϯ 0.4%). The radioactivity remaining in the lumen of the intestine at the end of the study was small in both groups (3.3 Ϯ 0.4% and 2.4 Ϯ 0.7% of the dose for the DDE and OMG, respectively), consistent with absorption of both compounds from the lumen. There was not a measurable concentration of DDE in RBCs.
Only trace amounts of OMG were found in the fat pad, brain, and liver. The DDE in the fat pad, brain, and liver accounted for 1.47 Ϯ 0.10, 0.22 Ϯ 0.01, and 3.00 Ϯ 0.17% of the dose, respectively.
The distribution of 14 C among the lipoprotein fractions is presented in Fig. 9 . The majority of the radioactivity was carried in the fraction of proteins with density greater than that of HDL.
Portal absorption. Quantitative estimates of portal absorption were made from the AUCs for OMG and the lipophilic compound during the first 30 min of portal blood collection. Absorption was based on the combined concentration of organochlorine and OMG in plasma and in RBCs. A summary of the percent portal absorption is given in Table 4 . ]triolein in portal blood plasma after duodenal infusion. The study was carried out as described in Fig. 1 
DISCUSSION
The understanding of the entry, packaging, and transport of lipophilic compounds in the enterocyte continues to evolve. The present view of the events in the lumen of the intestine that lead up to entry of a lipophile into the enterocyte is driven by the physical chemistry of the system. These events are the result of the lipophilicity of the specific compound and the surface active properties of endogenous compounds in the intestinal milieu.
The formation of mixed micelles of bile salts, phospholipids, and digestion products from triacylglycerols and phospholipids as discovered by Hofmann is required for the absorption of lipophilic substances (6) . The formation of a phase of vesicles can also occur along with a micellar phase, and vesicular components can exchange with micelles (20) . Contact with the enterocyte membrane requires the transport by micelles through a hydrophilic barrier that consists of an unstirred water phase and glycocalyx of polymeric carbohydrates (26) . Micelles that are compatible with an aqueous phase can move through this barrier to deliver lipophilic compounds to the membrane.
It had been assumed that passive diffusion across the enterocyte membrane occurs for lipophiles that are delivered in micelles. This view has been altered by studies of cholesterol absorption. It is now clear that the absorption of cholesterol 14 C]DDT among plasma lipoproteins sampled from the portal vein at times after gavage. Plasma from the animals in the study described in Fig. 4 was pooled, separated by ultracentrifugation with solutions of KBr, and assayed for radioactivity. The study was carried out as described in Fig. 1 (n ϭ 7; means Ϯ SE shown). into the cell is dependent on transporters. Scavenger receptor B1 (SRB1) and Niemann Pick C1-like protein 1 facilitate enterocyte uptake and transport, and ABCG5/8 limits the amount that is retained (25) . Whether or not other lipophiles interact with the cholesterol transporting system is not known although a recent report suggests that SRB1 is involved in lycopene uptake (16) . Consequently, the understanding of the relative importance of passive and receptor-mediated transport is still incomplete. The absorption and transport of OCs can differ from these processes for dietary lipids. One consideration when studying the absorption and transport of OCs is their relatively small mass and low concentration in the intestinal lumen and subsequently in the enterocyte. For comparison, cholesterol entry into the lumen from diet and bile is ϳ1 g/day. This amount is possibly five to six orders of magnitude greater than that of organochlorine xenobiotics that enter from the diet (19) . These relatively low levels of xenobiotics can lead to many possible consequences, such as enhanced solubility in lipophilic regions or binding by carrier proteins that accommodate small masses. Since many OCs undergo negligible metabolism in the enterocyte, they retain their lipophilicity in the absorption processes from the lumen to the lymph or portal blood. In our studies we intentionally used trace masses of OCs to approximate typical human exposure. Further studies will help predict whether or not higher masses of materials will affect the route of absorption.
In the lumen, OCs can be carried with lipids in intestinal mixed micelles and transported to the enterocyte membrane where they likely diffuse through the enterocyte membrane. Because of the high lipophilicity of many OCs, movement from the membrane to the cytosol requires affinity to a lipophilic domain unless energy is expended to "pump" the compound into the cytosol. Two lipophilic domains may attract these compounds. First, fatty acid binding proteins are present in abundance in the enterocyte, and their lipophilic cavities can bind lipophilic xenobiotics and presumably account for part of their distribution in the cytosol (21) .
Second, the triacylglycerol that has been synthesized from absorbed digestion products of dietary triacylglycerol in the smooth endoplasmic reticulum of the enterocytes could be a lipophilic domain. Once in the cells, the lipids, including xenobiotics, are packaged in vesicles (prechylomicrons) and transported to the Golgi where chylomicrons are formed with the addition of apolipoprotein A-I. Both prechylomicron vesicles and chylomicrons contain triacylglycerol into which lipophilic xenobiotics can partition. The movement of a lipophile through the enterocyte is illustrated in Fig. 10 with a molecule of HCB in dynamic distribution between lipid-rich particles, fatty acid binding protein, and cytoplasm before entry into lymph and portal vein plasma.
The common measure of lipophilicity of a compound is the partition coefficient defined by the ratio of its solubility in octanol to that in water. We may assume that octanol approximates the lipid phase of triacylglycerol in prechylomicrons and chylomicron. In addition, there is evidence that drugs with lipophilic character defined in this manner interact with fatty 14 C]PCP among plasma lipoproteins sampled from the portal vein at times after gavage. Plasma from the animals in the study described in Fig. 5 was pooled, separated by ultracentrifugation with solutions of KBr, and assayed for radioactivity. 3 H]OMG in portal vein plasma. The study was carried out as described in Fig. 1 (n ϭ 6 ; means Ϯ SE shown).
acid binding proteins and cause their upregulation (21) . An estimate of the distribution in an enterocyte between the aqueous phase and lipophilic domains (triacylglycerol in prechylomicrons and chylomicrons; fatty acid binding proteins) depends on the relative masses of the aqueous and lipophilic phases and on the relative binding affinities for proteins and lipids.
We have found that PCP, with a partition coefficient of ϳ3.5 at physiological pH (11) , is transported predominantly by the portal vein. Although the partition coefficient reflects an affinity for lipid phase relative to aqueous phase of more than 3,000-fold, on the basis of concentrations in the two phases, the aqueous volume relative to the volume of the lipid domains apparently results in the distribution of virtually all of the PCP mass into the aqueous phase.
The results that we report here are consistent with the estimate by Charman and Stella (2) that log 10 P of at least 5 directs transport into the lymphatic system. It is clear that there is a significant shift toward lymphatic absorption as log 10 P increases, with HCB (log 10 P of 5.5) showing measurable absorption by both routes.
In addition to measuring the appearance of compounds in lymph and portal blood, we determined the level of isotopes in tissues of the animals with lymphatic diversion. If diversion of lymph flow is complete and there is no absorption via the portal vein, then the appearance of a lipophile in tissues would not be expected. We interpreted the appearance of HCB in adipose tissue and liver of lymph-diverted animals as indirect evidence of portal vein absorption. However, direct portal vein measurements showed that, although DDT and DDE were minimally absorbed by the portal vein, these compounds were found in measurable levels in liver and fat. Thus we concluded that tissue levels alone in animals with lymphatic diversion may not be sufficient indicators of absorption via the portal vein. A possible explanation for this apparent disparity between minimal appearance in portal vein blood and measurable appearance in tissues is a small level of absorption via the accessory lymphatic duct (22) . Although the mesenteric lymph duct, which was utilized in our studies, accounts for essentially all intestinal absorption, there may be some absorption of lipophiles via the accessory duct.
As noted above, we and others have found that HCB is carried predominantly in RBCs. In portal blood the concentration in RBCs (percent of dose/mg) was ϳ5-25 times that of that in plasma (percent of dose/100 l). The maximum concentration in plasma was attained in 5 min, whereas the first maximum in RBCs appeared at 10 min. The immediate high concentration in RBCs is consistent with very fast uptake by these cells.
Consideration of the mass balance of HCB in our study raises important questions. The appearance of HCB in lymph Applicable values are means Ϯ SE. Absorption of PCP was significantly greater than that of the other compounds on the basis of comparison of the 4 groups. HCB absorption was greater than that of DDT on the basis of comparing HCB, DDT, and DDE by ANOVA. over 24 h was 26% of that of triolein, which is absorbed mostly by the lymphatic route. We calculated that 11% of the HCB was absorbed via portal blood. We also found only small quantities of HCB remaining in the intestinal contents, so there was no evidence of incomplete uptake. One explanation for these observations is suggested by the study of HCB distribution in rats by Iatropoulus and coworkers (7) . They found an accumulation of HCB in mesenteric lymph nodes that peaked at 6 h after gastric gavage of the HCB and was maintained for 48 h. Since the mesenteric lymph that we collected was postnodal lymph, it is entirely possible that appearance in mesenteric lymph may underestimate lymphatic absorption. On the basis of the relative levels of HCB in lymph ducts and liver of the rats, Iatropoulus et al. (7) concluded that lymphatic absorption was the primary route of absorption of HCB, consistent with the findings we report here. The potential retention of lipophilic compounds by lymph nodes is an area that is poorly understood and certainly merits further study.
The application of similar mass-balance considerations to our results with DDT also suggests incomplete appearance in lymph; however, since lymph was collected for only 6 h, the study was not designed to measure complete lymphatic absorption. Other studies have found as much as 63% absorption of DDT in lymph collected for 72 h (18) and 67% (24) when collected for 48 h. In addition, Palin et al. (17) showed that the appearance of DDT in plasma of rats with tail-clip samples was abolished by lymphatic cannulation. Consistent with our findings, these workers concluded that the major, if not the only, route for DDT absorption was by the lymphatic system.
It is not possible to predict the universal applicability of this method to the determination of the extent of portal absorption for all compounds. We reproducibly observed a rapid absorption of the OMG marker, and it is possible that some compounds may exit the enterocyte more slowly than OMG, so that the use of the AUCs at 30 min would lead to an underestimation of the portal absorption for such compounds. Compounds that are more lipophilic would be expected to exit slowly into the portal vein, but more likely they would enter the lymphatic system. Compounds like HCB, with an apparent affinity for RBC, and presumably other membranes might be slowed by residence in the basolateral membrane.
To determine the appropriateness of our 30-min sample, the comparison of the calculations at 30 and 120 min was made and is presented in Table 5 . The value calculated for HCB at 120 min did not differ from that at 30 min. The calculated absorption for PCP at 120 min suggests that PCP from circulating blood has entered the portal blood and that the PCP has not been taken up by hepatic or peripheral tissues as fast as the OMG marker. Additionally, we found label presumably associated with triolein in the portal blood appearing after 30 min (Fig. 3) . Likewise, Kristensen and coworkers (12) reported the appearance of triacylglycerol in the portal blood of pigs fed diacylglycerol 50 -100 min after bolus dosing. Finally, Hoffman and coworkers (5) found the portal concentration of verapamil (log 10 P of 3.8) and of a less lipophilic drug (A-79035; reported log 10 D, oil/water distribution coefficient of 1.71) returned to the systemic level within 30 min. These observations suggest that the use of 30 min for the AUC calculations minimizes the effects of the addition of newly absorbed compound in systemic blood to portal blood.
To summarize our rationale for the use of specific time points, although there may be retardation of entry into the portal vein for some compounds relative to OMG, we propose that the comparison of AUCs at 30 min provides a meaningful estimate of portal absorption, on the basis of the following reasons: 1) Other workers report complete portal absorption of moderately lipophilic compounds in 30 min. 2) We calculate similar absorption values for AUCs at 30 and 120 min. 3) After 30 min, there is the possibility of mixing with systemic blood that may contain lymphatically absorbed compounds. We recognize, however, that compounds such as HCB, with affinity for membranes, may enter more slowly, and the method could underestimate portal absorption for compounds with this behavior.
The combined portal and lymphatic cannulation methodology also provides lymphatic concentrations that can complement the portal concentrations. In the compounds that we studied, lymphatic concentrations reflected their lipophilicity, with only traces of PCP in lymph and significant appearance of DDT and DDE. As noted in results of our preliminary studies with HCB, we observed 26% of the HCB dose in lymph in 24 h, consistent with absorption via both portal and lymphatic routes.
To summarize, we have introduced new methodology into the study of the route of absorption. Previous measurements of absorption via the portal and lymphatic routes have used methods that separately determine the involvement of each of the two routes. Portal vein measurements have used the difference between concentrations in portal vein and systemic blood to estimate the relative contribution of the portal vein. Assumptions of flow rate and volume are needed to estimate portal vein absorption with this methodology. Portal blood flow rate can be measured by methods with ultrasound or electromagnetic flowmeter (3, 14) . This measurement is not within the scope of our studies; however, it is not necessary for our calculations. Estimates of portal vein absorption in animals with lymphatic cannulation have been inferred by difference, i.e., the absorbed amount not appearing in lymph is used to calculate portal vein absorption. However, the absence of appearance in lymph is an indirect assay that may ignore missing compound attributable to other reasons related to experimental technique and method. It is now possible to directly measure the appearance of compounds in the portal vein in animals with lymphatic diversion by using an internal marker that is completely absorbed by the portal vein. The use of this marker corrects for the flow rate of the blood and its dilution, and does not require the assumptions about missing material. This method can be used to the study of many xenobiotics with lipophilic properties. Values are means Ϯ SE. The absorption calculated at the two times was significantly different for PCP and for DDE (P Ͻ 0.05).
